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ABSTRACT
The aquaculture industry is being pushed into deeper wa-
ters, to accommodate the increasing demand for seafood world-
wide and the lack of nearshore sites: aquaculture systems for
farther, harsher conditions are now being proposed. The Blue
Growth initiative by the European Union is also tuned in the
same direction, with the focus being on developing ocean based
resources, including energy and aquaculture, and finding syner-
gies among them.
The present work proposes a novel multi-purpose platform
(MPP), by retrofitting a feed barge with a small wind turbine
and energy storage system, able to provide sustainable energy
to a reference offshore aquaculture farm. The requirements and
constraints for such hybrid system are defined, as well as a set
of keys load cases, and its performance are analysed in the fre-
quency domain. Wave loads are modelled using linear potential
theory, while from an aerodynamic point of view, only the max-
imum thrust at the wind turbine hub level is considered in the
static stability analysis. With reference to stability criteria and
dynamic analysis in frequency domain, the suitability of the pro-
posed MPP to act as a source of feed storage and energy supply
is established, showing this as a potentially suitable solution.
NOMENCLATURE
DOF Degree of freedom
FOWT Floating offshore wind turbine
∗Address all correspondence to this author.
hh hub height
MPP Multi-purpose platform
RAO Response amplitude operator
INTRODUCTION
With land based resources stretched to their limits, sustain-
able development of the blue economy (based on oceans, coasts
and seas) has become a global priority. The Blue Growth strat-
egy has been proposed by the European Union to focus on the
key attributes of the blue economy [1]. Two areas of particular
importance with respect to development and employment gener-
ation are aquaculture and ocean energy.
In developing economies, seafood is often the only afford-
able source of animal protein [2]. Aquaculture (or fish farm-
ing), thus play a significant role in maintaining global food secu-
rity [3,4]. With inland and coastal fisheries operating at their lim-
its [5], aquaculture establishments are slowly moving offshore to
increase their productivity.
Fish farms are mostly powered by diesel generators for feed-
ing operations and this raises the question of marine environmen-
tal pollution [6]. The present work, proposes a novel concept for
supplying renewable energy to an offshore aquaculture farm - by
fitting small wind turbines to a feed barge. The concept of such a
multi-purpose platform (MPP) has several inherent advantages.
The wind turbines, being small in mass, do not significantly alter
the dynamic characteristics of the feed barge. Also, the use of the
feed barge eliminates the need for a separate support platform for
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the wind turbine.
MODEL SPECIFICATION
The feed barge considered in the present work is loosely in-
spired by the commercial barge AC 600 by AKVA. The major
characteristics of the feed barge are given in Tab. 1. It has been
designed to withstand significant wave heights of up to 6 m.
TABLE 1. AKVA AB 600 FEED BARGE
Parameter Value
Feed storage capacity 600 tons
Length 37.2 m
Beam 12 m
Hull height 5.2 m
Minimum freeboard 1.332 m
A total of 4 small wind turbines (20 kW rated power) are
fixed on the feed barge - two each at the bow and the stern, as
shown in Fig. 1. The two turbines at the bow (Aeolos - H 20) are
at a hub height of 18 m and the ones at the stern (Polaris P10-
20), at 30.5 m. The specifications of the two turbines are given
in Tab. 2.
TABLE 2. WIND TURBINE CHARACTERISTICS
Parameter Aeolos - H 20 Polaris P10-20
Cut-in wind speed (m/s) 3.0 2.7
Rated wind speed (m/s) 10.0 11.0
Cut-out wind speed (m/s) 25.0 25.0
Survival wind speed (m/s) 50.0 59.0
Rated power (kW) 20 20
Rotor diameter (m) 10 10
Rotor speed (RPM) 90 100
The two different sets of wind turbines are selected, such
that they operate over different rated wind speeds. They are in-
stalled at different hub-heights to mitigate the effect of the wake
12 m
37.2 m
10 m
2 x Aeolos @ 18 m hh2 x Polaris @ 30.5 m hh
FIGURE 1. PLAN VIEW OF THE BARGE
on the downwind wind turbines. This would enhance the pro-
duction of renewable energy delivered to the offshore fish farm.
The approach used for the selection of the wind turbines, taking
into account the local environmental conditions, is presented in a
twin paper to be presented at OMAE 2019, more precisely [7].
The plan of the feed barge incorporating the wind turbines
(henceforth referred to, as the MPP), is given in Fig. 1. For the
present work, confined to the frequency domain, the 4 small wind
turbines are replaced by a single equivalent wind turbine at the
centre of the barge, at a hub height of 25 m.
The MPP is supported by a mooring system of 8 catenary
lines. For the present study, the feed tanks are assumed to be
filled to 70% of their maximum capacity.
METHODOLOGY
On developing the numerical model of the MPP, its hydro-
static stability is initially investigated. The MPP is then sub-
jected to hydrodynamic analysis in frequency domain. The finite
element framework SESAM of DNV.GL is made use of, for nu-
merical modeling and investigations.
For realization of the equivalent wind turbine, the thrust
force FT at the hub of the individual turbines are computed as
given in Eqn. (1):
FT =
1
2
ρapiR2v2cT (λ ) (1)
where ρa is the density of air, R is the radius of the rotor,
v is the upstream wind velocity, and cT is the thrust coefficient.
cT is a function of the tip speed ratio, λ . An optimal value of 7
is chosen for λ , in the present study [8]. The maximum lateral
force and overturning moment produced by the equivalent wind
turbine is equal to the sum of the forces and moments generated
by the four small wind turbines.
Stability Analysis
The static stability of a conventional barge is guaranteed by
having a longitudinal and transversal metacentric height higher
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than zero. In the present case, it has to be considered also the
additional aerodynamic thrust force acting on the (equivalent)
wind turbine, as in Eq. (1).
Hydrodynamic Analysis
At a preliminary stage of the design, frequency domain anal-
yses can provide results of a suitable accuracy, at a fraction of the
computational cost of time domain analyses. Hence they are of-
ten applied to the early stages of floating offshore wind turbine
(FOWT) design [9]. In frequency domain analysis, the response
spectrum can be obtained directly from the wave spectrum and
the transfer function as given in Eqn. (2):
Syy(ω) = |H(ω)|2Sxx(ω) (2)
Where the parameters, ω , |H(ω)|, Syy(ω) and Sxx(ω) rep-
resent the angular frequency, the transfer function between the
amplitude of the wave and the output variable (e.g. heave dis-
placement), the response spectrum and the wave spectrum, re-
spectively. Short-term response statistics can be derived from
the response spectrum.
Hydrodynamic computations are performed in the
WADAM [10] module of SESAM, adopting a linear po-
tential approach. At this stage, no viscous forces are considered,
therefore only the radiation potential damping is taken into
account. In the frequency domain, the equation of motion [11]
in 6 degrees of freedom (DOF) for a rigid floating body can be
written as Eq. (3):
(−ω2[M+A(ω)]+ iωB(ω)+C)−→ζ =−→X (ω) (3)
where M, A, B and C represents the mass, added mass,
damping and restoring matrices, respectively.
−→
X is the wave
forcing and ω , the angular frequency. The response amplitude
operators (RAO) that relate the response of a floating body to the
incoming wave information can be derived as follows [12]:
ζ (1)(ω) =
H(1)
−ω2[M+A(ω)]+ iωB(ω)+C (4)
where H(1) is the first order or linear force/moment transfer
function.
Considering a catenary mooring system, the coefficients of
the restoring matrix are derived using the formulations given
in [13]. The 8-line catenary mooring arrangement is shown in
Fig 2. The restoring matrix used in this paper is given below:
BARGE
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FIGURE 2. MOORING ARRANGEMENT
K =

1.3e6 N/m 0 0 0 −8.3e6 N 0
0 1.3e6 N/m 0 2.2e6 N 0 0
0 0 1.3e6 N/m 0 0 0
0 2.2e6 N 0 9e6 Nm 0 0
−8.3e6 N 0 0 0 2.3e8 Nm 0
0 0 0 0 0 3.5e8 Nm

Sea state description
Two sea states have been defined for hydrodynamic response
computations in the frequency domain - one corresponding to an
operational condition and the other, to a survival condition. The
sea state parameters are given in Tab. 3. The sea states have been
derived conditional on the hub height wind speeds, in accordance
with probabilistic relationships proposed by [14] for the northern
North Sea.
Here, V is the 10-minute mean wind speed at the hub-height,
Hs is the significant wave height and Tz is the zero-up-crossing
period. The sea states have been described using JONSWAP
spectra.
TABLE 3. SEA STATE DESCRIPTION
Description V (m/s) Hs (m) Tz (s)
Operating 10 3.1 7.85
Survival 23 5.7 8.71
RESULTS
The panel model of the MPP is shown in Fig. 3. and the
mass model (used to derive the mass), in Fig. 4. In the latter
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figure, the rotor of the equivalent wind turbine is represented by
a point mass at the top of the tower.
FIGURE 3. PANEL MODEL OF THE BARGE
FIGURE 4. MASS MODEL OF THE BARGE
The design of FOWT substructures is based on the concept
of limiting the angles of pitch and roll. The barge type MPP
is water plane area-stabilized, i.e., the main contribution to the
roll/pitch restoring moment comes from its large second moment
of waterplane area [15]. From a serviceability point of view, it is
also necessary to limit the acceleration of the MPP, considering
the safety and comfort of the on-board staff.
Inclining Moment
The inclining moment is obtained as the product of the thrust
on the wind turbine rotor and the moment arm, i.e. the verti-
cal distance between the hub and the mooring attachment points.
Summing up the individual contributions from the 4 wind tur-
bines at their maximum thrust, a total inclining moment of 592
kNm is obtained.
Static Stability Criteria
Guidelines in literature mention the imposing of maximum
values on roll and pitch angles, for FOWT support structures in
both static and dynamic cases [16]. Since the contribution of the
catenary mooring system to the roll and pitch stiffness is negli-
gible, roll and pitch angles with respect to static stability may be
obtained as given in Eq. 5 and Eq. 6 respectively.
θstatic/roll =
MI
FBGM
(5)
θstatic/pitch =
MI
FBGML
(6)
Here, MI is the inclining moment and FB is the buoyancy
force. GM and GML are the transverse and longitudinal metacen-
tric heights, respectively. The values obtained for static roll and
pitch angle, for the MPP are compared with the limiting values
in Tab. 4. The static stability criteria is observed to be satisfied
with respect to the guidelines in literature.
TABLE 4. STATIC ROLL AND PITCH ANGLES
Parameter Present work Maximum [16]
Roll angle 2.9◦ 5◦
Pitch angle 0.2◦ 5◦
The stability of the MPP has also been checked with re-
spect to the Norwegian Marine Directorate (NMD) stability rule
check [17] criteria, with satisfactory results, as shown in Tab. 5.
Dynamic Response Analysis
By means of frequency domain analysis, the response spec-
tra of motions can be realized, as given in Eq. (2). Of particular
importance are the angles of roll and pitch and the accelerations
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TABLE 5. NMD STABILITY CHECK
Analysis Variables Study NMD [17]
Static wind inclination angle 6.21◦ < 17◦
2nd intercept angle righting moment 32.14◦ > 30◦
Righting moment zero crossing angle 33.53◦ > 32.14◦
Metacentric height 0.54 m > 0.5 m
Righting moment area excess 126% > 40%
at different levels, considering the operational safety of the wind
turbines and personnel on-board. The values of these parameters
are observed to fall within the limits proposed in literature, as
shown in Tab. 6 for dynamic roll and pitch angles and Tab. 7, for
acceleration at the hub.
TABLE 6. DYNAMIC ROLL AND PITCH ANGLES
Constraints Criterion Limit [16]
Roll - Operating 0.43◦ ±5.0◦
Roll - Survival 1.14◦ ±5.0◦
Pitch - Operating 0.09◦ ±5.0◦
Pitch - Survival 0.16◦ ±5.0◦
TABLE 7. ACCELERATION AT HUB
Constraints Criterion Value (RMS) [15]
Operating 0.5 - 0.6 g 0.14 g
Survival 0.5 - 0.6 g 0.22 g
CONCLUSIONS
The present work investigates the stability and hydrody-
namic response of a feed barge fitted with small wind turbines
to supply renewable energy to an offshore aquaculture farm. The
MPP is subjected to hydrostatic stability analysis and hydrody-
namic analysis in the frequency domain. Results, with respect
to limiting serviceability criteria prescribed in literature indicate
the suitability of the feed barge to act as a support structure for
small rated wind turbines in the vicinity of offshore aquaculture
farms.
The present study will be followed up with coupled aerody-
namic and hydrodynamic analysis of the MPP, in the time do-
main, as part of future work.
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